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Abstract 

Objective: To identify factors influencing the number of fetal cells in maternal blood. 

Methods: A total of 57 pregnant women at a gestational age of weeks 11-14 were included. The number of fetal cells in 
maternal blood was assessed in 30 ml of blood using specific markers for both enrichment and subsequent identification. 

Results: Participants carrying male fetuses had a higher median number of fetal cells in maternal blood than those carrying 
female fetuses (5 vs. 3, p = 0.04). Certain cytokines (RANTES, IL-2 and IL-5) were significantly associated with the number of 
fetal cells in maternal blood. 

Conclusion: The number of fetal cells in maternal blood is associated with certain cytokines and fetal gender. 
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Introduction 

Screening for fetal chromosome aneuploidies in high risk 
pregnancies has for decades been offered in many countries. Until 
now the sampling of fetal material for this purpose has been done 
by invasive procedures such as chorionic villus sampling or 
amniocentesis, which carry a 0.5-2% risk of unintended termina- 
tion of the pregnancy [1]. 

Due to this risk it has long been of great interest that both 
circulating fetal cells and cell-free fetal DNA can be found in 
maternal blood [2,3]. It has been envisioned that these fetal 
compounds can be utilized for a non-invasive and therefore risk- 
free prenatal diagnostic procedure. The development of such 
procedures has, however, been hampered by the fact that both 
cell-free fetal DNA and circulating fetal cells are very rare in blood 
samples from pregnant women [4,5]. Furthermore, both cell-free 
fetal DNA and fetal cells are found among excessive amounts of 
both maternal cell-free DNA (5-10 fold excess) and maternal 



blood cells (10E8-10E9 fold excess). The vast excess of maternal 
cells may be overcome by antibody-based fetal cell enrichment 
since different cell types express different cell type surface epitopes. 
This is in contrast to cell-free fetal DNA, which is biologically and 
chemically very similar to cell-free maternal DNA, making it 
difficult to obtain efficient enrichment of the fraction of cell-free 
fetal DNA. In spite of these problems both cell-free fetal DNA and 
circulating fetal cells have been repeatedly targeted for a non- 
invasive prenatal diagnostic procedure. For the cell-free fetal DNA 
several strategies based on the initial enrichment of cell-free fetal 
DNA based on methylation differences have been tried but with 
only modest success [6,7]. An alternative approach is to measure 
relative amounts of chromosome 21 DNA sequences, for example, 
compared to DNA sequences from reference chromosomes 
without prior enrichment and then look for a more modest 
increase in chromosome 21 sequences in trisomic cases. This 
approach has been tried in combination with different ways of 
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Table 1. The median and 25-75th percentile of different continuous variables and their correlation isolated fetal cells in 30 ml 
maternal blood. 




Continuous variables 




n 


Median 


IQR 


p (Spearmann's rho) 


BMI 


57 


22.2 kg/cm 2 


20.1-24.9 kg/cm 2 


0.41 


PAPP-A 


57 


0.957 MoM 


0.646-1.33 MoM 


0.84 


Free (5-hCG 


57 


1.101 MoM 


0.775-1.608 MoM 


0.78 


Nucheal translucency 


57 


1.7 mm 


1.4-1.9 mm 


0.92 


Maternal age 


57 


29 years 


27-32 years 


0.70 


Gestational age 


57 


90 days 


88-91 days 


0.69 


Birth weight 


57 


3540 g 


3280-3870 g 


0.59 



IQR: 25-75 percentiles; BMI: Body mass index; PAPP-A: Pregnancy-associated plasma protein-A; free p-hCG: free beta-human chorionic gonadotropin; MoM: Multiple of 
the median. 

doi:1 0.1 371 /journal.pone.01 06934.t001 



doing the DNA quantifications, but so far only molecular counting 
based on next generation sequencing has had commercial success 
[8-10]. The main drawback of this approach is, however, that it is 
still not a diagnostic test since patients with positive results will still 
need an invasive procedure to finally confirm a trisomic fetus. 

In regard to fetal cells the main problem has been - due to their 
extreme rarity - to define fetal cell specific epitopes that can be 
used both for initial enrichment as well as for subsequent 
identification of fetal cells. It has been suggested that lymphoblasts, 
erythroblasts and trophoblasts all circulate in maternal blood. Of 
these, lymphoblasts have been shown to be unfit for prenatal 
diagnosis [11]: regarding erythroblasts, there are findings suggest- 
ing that this fetal cell type is normally very rare in maternal blood 
[12,13]. Nevertheless, several groups have tried to isolate these 
fetal cell types from maternal blood with a number of different 
antibodies, but the procedures that have been suggested to date 
have not survived more detailed testing in clinical settings [13-17] 
most likely because the antibodies used for enrichment were 
suboptimal. 

Based on the uncertainty about the exact fetal cell types in 
maternal blood, some years ago we initiated a project to identify 
fetal cell type(s) [18]. In this project we collected blood samples at 
a gestational age of 11-14 weeks from women carrying a male 
fetus. We initially enriched these blood samples for fetal cells by 
removing a large fraction of maternal cells, followed by smearing 
the remaining blood cells on slides. We subsequently performed X- 
and Y-chromosome FISH on located male cells by automated 
scanning. These male cells that we considered fetal were then 
retrieved by laser microdissection, and mRNA was isolated. We 
subsequently performed expression array analysis using a stem cell 
array platform and analyzed the expression profiles compared to 
maternal blood cell profiles [19]. Among the genes significandy 
overexpressed in fetal cells, over half had important functions in 
the placenta, and about 25% could be associated with extravillous 
and/or endovascular trophoblasts [19]. We therefore formulated 
the hypothesis that a major fraction of the fetal cells in maternal 
blood were either extravillous and/or endovascular trophoblasts 
[19]. Based also on known expression patterns in these cells, we 
then tested a number of antibodies for their ability to enrich these 
fetal cells, and finally selected an antibody against CD 105 as the 
most efficient. Subsequendy, we selected cyto-keratins as a suitable 
marker for immunohistochemistry based identification of extra- 
villous and endovascular trophoblasts and tested this combination 
of markers for fetal cell specificity on a series of fetal cells identified 



by the marker combination as fetal cells in maternal blood [20]. 
Candidate fetal cells were subsequently also analyzed by X- and Y- 
chromosome FISH. This series demonstrated a 96% fetal cell 
specificity of our marker combination on enriched cell fractions 
[20]. 

Given this high fetal cell specificity combined with well- 
established parameters of FISH errors, we could estimate for 
trisomy 21 that as few as 5-10 successfully FISHed fetal cells 
would be sufficient to perform a prenatal diagnosis. Our data, 
however, showed that among healthy pregnant women there is a 
substantial variation in the number of cytokeratin-7 positive fetal 
cells in maternal blood and that approximately 10% of pregnant 
women exhibit no isolated fetal cells at all when the procedure is 
done on 30 ml blood. 

A viable method for non-invasive prenatal diagnosis based on 
circulating isolated fetal cells in maternal blood therefore requires 
a higher yield of isolated fetal cells for the analysis. 

As a first step in increasing the yield, we have investigated the 
degree of variation in isolated fetal cells in maternal blood among 
pregnant women and correlated these variations to a number of 
clinical parameters such as placental volume, number of prior 
pregnancies [21], birth weight, nuchal translucency, pregnancy- 
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Figure 1. Distribution of the number of isolated fetal cells in 
30 ml blood in 57 pregnant women at a gestational age of 11- 
14 weeks. 

doi:10.1 371/journal.pone.01 06934.g001 
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Figure 2. The number of isolated fetal cells in 30 ml of blood among 29 pregnant women with male fetuses and 28 women with 
female fetuses; p=0.04 (Mann-Whitney-Wilcoxon). 

doi:1 0.1 371 /journal.pone.01 06934.g002 



associated plasma protein-A (PAPP-A), free beta human chorionic 
gonadotropin (free P-hCG), gestational age at blood sampling 
[22], concentrations of selected cytokines in maternal blood, fetal 
gender [23], maternal age and BMI. 

Materials and Methods 

Inclusion and cohort description 

A total of 59 pregnant women at a gestational age of 1 1 +2 -13 + 
weeks were included in this study. All participants signed an 
informed consent form. The participants were recruited at the 
elective first-trimester screening program offered to all pregnant 
women at Aarhus University Hospital, Denmark. One participant 
was excluded because of a twin pregnancy and another due to 
later miscarriage, leaving 57 pregnant women in the final study 
population. 

In a separate series 12 patients were selected based on their 
isolated fetal cells counts at a gestational age of 11-14 weeks. 
Seven had & 1 0 isolated fetal cells in 30 ml of maternal blood, and 
five had 0 isolated fetal cells. These patients had their placenta 



volume estimated by 3D ultrasound during their second trimester 
anomaly scan at week 19. 

The study was approved by the local Danish Scientific Ethical 
Committee (project identification number S-20070045) and the 
Danish Data Protection Agency (2008-58-0035). 

Blood samples 

30 ml blood samples were drawn immediately after ultrasound 
examination and prior to any invasive procedures. All blood 
samples were collected in heparinized tubes and immediately 
processed. 

For isolated fetal cell counts 30 ml of maternal blood was fixed 
in PFA and maternal red blood cells lysed in Triton X-100. After 
pelleting of the remaining nucleated cells these were permeabilized 
by treatment of the cells with ice-cold methanol followed by 
centrifugation and washing. Cells were finally resuspended in 
MACS buffer (PBS, 0,5% BSA, 2 mil EDTA, Miltenyi, 
Germany). Fetal cells were then enriched by MACS using a 
combination of CD 105 and CD 141 microbeads (Miltenyi) and 
pre-washed MS columns (Miltenyi) all according to standard 



Table 2. The number of isolated fetal cells in 30 ml maternal blood in relation to fetal gender and multipara. 





Binominal variables 


Yes 




No 








n 


Median number of 
isolated fetal cells (IQR) 


n 


Median number of 
isolated fetal cells (IQR) 


p (Mann-Whitney- 
Wilcoxon) 


Fetal gender (male) 


29 


5 (3-9) 


28 


3 (2-5) 


0.04 


Multipara 


27 


3 (1-5) 


30 


3.5 (2-6) 


0.31 



IQR: IQR: 25-75 percentiles; Multipara: Parity of at least one. 
doi:1 0.1 371 /journal.pone.01 06934.t002 
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Figure 3. The number of isolated fetal cells in 30 ml of blood in relation to low or high levels of different selected cytokines. Three of 
the cytokines (RANTES, IL-2 and IL-5) had a significant association with the number of extravillous trophoblasts in maternal blood. 
doi:1 0.1 371 /journal.pone.01 06934.g003 



Miltenyi technology. The enriched cell fraction was subsequently 
smeared onto FLEX IHC slides (DAKO), using 2-7 slides 
depending on the number of maternal cells in the fraction. Slides 
were finally air-dried (overnight) before antibody staining by 
incubation for 7 minutes at 60 C. Slides were then fixed for 10 
minutes in 2% PFA in PBS, rinsed and finally incubated for 30 
minutes with Image-iT FX signal enhancer (Invitrogen). After 
rinsing and blocking in standard blocking buffer, slides were 
incubated for 30 minutes with a mixture of cytokeratin 7 (DAKO), 
pan cytokeratin (Sigma) and cytokeratin 8/18 (Invitrogen) 
antibodies all diluted 1:100 in the blocking buffer. After rinsing, 
slides were then incubated for 30 minutes with Alexa Fluor 488 
rabbit anti-mouse IgG (component A, Invitrogen) diluted 1 :200 in 
the blocking buffer. After another rinse, slides were incubated for 
30 minutes with Alexa Fluor 488 goat anti-rabbit IgG (component 
B, Invitrogen) also diluted 1:200 in the blocking buffer. Finally, 
slides were rinsed again and then post-fixed in 2% PFA in PBS, 



washed and mounted in Vectashield with DAPI (Vector Labora- 
tories). 

Positively stained fetal cells were located by fluorescence 
microscopy either "by hand" or by using automated scanning 
on a Metasystem scanner equipped with an in-house developed 
classifier. 

Gender determination by XY-FISH on fetal cells found by this 
marker combination has been shown to correlate 100% with a 
gender determination obtained by analysis of cell-free fetal DNA 
in plasma when more than three fetal cells were found [20] . 

Clinical parameters 

Variables from the ultrasound examinations in the antenatal 
screening program (nuchal translucency, gestational age deter- 
mined by crown-rump length (CRL)), as well as the results on 
serum markers (PAPP-A and free (5-hCG), pre-eclampsia, preterm 
birth, birth weight and chromosomal abnormalities were subse- 
quently obtained from medical databases. Maternal age and BMI, 



Table 3. The number of isolated fetal cells in 30 ml maternal blood in relation to selected cytokines. 





Selected cytokines 


Low levels 


High levels 






n 


Median number of 
isolated fetal cells (IQR) 


n 


Median number of 
isolated fetal cells (IQR) 


p (Mann-Whitney- 
Wilcoxon) 


RANTES 


21 


5 (3-6) 


36 


3 (1.5-5) 


0.04 


IL-2 


53 


3 (2-6) 


4 


0.5 (0-2) 


0.02 


IL-5 


41 


3 (2-5) 


16 


5 (3-9.5) 


0.02 



IQR: 25-75th percentiles. 

doi:1 0.1 371 /journal.pone.01 06934.t003 
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Figure 4. The estimated placenta size in week 19 in two groups with either a high number of isolated fetal cells (n = 7) or a low 
number of isolated fetal cells (n = 5) in 30 ml of maternal blood at a gestational age of 11-14 weeks, p=0.94 (Mann-Whitney- 
Wilcoxon). 

doi:1 0.1 371 /journal.pone.01 06934.g004 



as well as information about prior pregnancies, were obtained 
from patients at the time of blood sampling. All scans were 
performed by sonographers certified by The Fetal Medical 
Foundation, London, UK. 

Cytokines 

Concentrations of selected cytokines were determined in serum 
using duplicates and Luminex xMAP technology with a multiplex 
assay essentially as described by Skogstrand et al. 2005 [24]. The 
following cytokines were assessed IL-6Ra, IFN-y, TNF-R1, IL-17, 
IL-18, MlP-la, MMP-9, RANTES, BDNF, GM-CSF, NT-4, NT- 
3, MCP-1, IL-lb, IL-2, IL-4, IL-5, IL-6, IL-8, IL-12, MIF, 
TREM-1, TNF-a, TNF-b, TGF-b, IL-10. As the distribution 
among healthy pregnant women is unknown, values were chosen 
to obtain maximum discrimination between lower and higher 
numbers of fetal cells for all cytokines. For cytokines where 
differences were found, the groups (high and low levels) were 
divided at 8 pg/ml for IL-5, 400 pg/ml for IL-2 and above 
100000 pg/ml for RANTES. 

3D placental volume estimation 

3D ultrasound scans were performed on selected women at their 
week- 19 anomaly screening using GE Voluson E8. All 3D 
ultrasound scans were performed by Olav Bjorn Petersen. The 
3D placenta volume determination was performed offline (4D 
View version 9.1, GE Healthcare, Milwaukee, WI, USA). Placenta 
volumes were calculated using VOCAL. VOCAL II was selected, 
and the Define Contour: Manual option was used with 15 degrees 
of rotation, creating 1 2 slides in which the contours around the 
placenta were drawn manually. 

First, the placenta was identified by shape and texture. The 
contour was drawn between the placenta and uterus where a 
texture change was observed. After the manual trace, the contour 
was fine-tuned using the 3D shell picture and the pictures in the 
two other plans as reference. AH 3D placenta volume calculations 



were first done by Jacob Morup Schliltter and then confirmed by 
Niels Uldbjerg. 

Statistics 

Statistical analyses were performed with Stata/IC version 11.1 
for Mac (64-bit Intel), StataCorp. The level of 5 percent 
significance was chosen. Non-parametric statistical analyses were 
used including Mann-Whitney-Wilcoxon test, Spearmann's rho 
and Fishers Exact Test. 

Results 

The 57 women participating in the study had a median age of 
29 years (Range: 20-40) and a median BMI of 22.2 kg/cm 2 (IQR: 
20.1—24.9). The median gestational age at blood sampling was 
12 +6 weeks (IQR: 12 +4 -13 +0 ) (Table 1). Five women had an ethnic 
background other than Caucasian. 

The median number of fetal cells per 30 ml maternal blood was 
3, the 10 th and 90 th percentiles were 0 and 10, and the maximum 
was 18 (Figure 1). In seven of the 57 women no fetal cells were 
found (12%). 

Pregnant women who carried a male fetus had a significandy 
higher number of fetal cells (median: 5 vs. 3, p = 0.04) compared 
to those carrying a female fetus (Table 2, Figure 2). 

Increased serum concentrations of RANTES and IL-2 associ- 
ated significandy with a lower number of fetal cells (Table 3 and 
Figure 3), and increased IL-5 concentration was significandy 
associated with a high number of fetal cells (Table 3 and Figure 3). 
The remaining 23 cytokines showed no significant association with 
the number of fetal cells (results not shown). 

We found no difference when comparing placenta size at the 
second-trimester anomaly ultrasound scan in seven pregnant 
women who had S10 isolated fetal cells in the blood sample 
compared to five pregnant women who had no isolated fetal cells 
in the blood sample (Figure 4). 
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No associations were found between the number of fetal cells 
and prior pregnancies, BMI, PAPP-A, free (3-hCG, nucheal 
translucency, maternal age, gestational age or birth weight 
(Table 1). 

The five participants who subsequendy developed pre-eclamp- 
sia had a median of 5 isolated fetal cells in 30 ml maternal blood 
(IQR: 3-5) whereas those who did not had a median of 3 (IQR: 2- 
5.5; p = 0.62). One participant delivered preterm (number of 
isolated fetal cells in 30 ml maternal blood: 1), and none gave birth 
to a child with chromosomal abnormalities. 

Discussion 

Although it has been known for many years that there are fetal 
cells circulating in the maternal blood stream during pregnancy, a 
closer characterization of this phenomenon has been hampered by 
the scarcity of these cells combined with the fact that the fetal cell 
type was unknown. This lack of knowledge of fetal cell type meant 
that the only reliable markers available for quantification of these 
cells were Y chromosome specific probes that unambiguously 
could define cells that were derived from a male fetus. 

However, it is extremely challenging to find very rare cells based 
on minute FISH signals; therefore, to date, few studies have 
performed simple quantifications on a limited series [5,16,22]. 

We have, however, recently obtained evidence that the 
circulating fetal cells are extravillious trophoblasts and have 
defined two markers that in combination exhibit a high degree of 
specificity for fetal cells in maternal blood. The markers are 
CD 105 for fetal cell enrichment, combined with the immunoflu- 
orescent stain of cytokeratins. 

Using these markers we have in the present communication 
studied the possible association between the number of isolated 
fetal cells in maternal blood and biological and clinical parameters. 
The important finding is that the median number of isolated fetal 
cells in 30 ml maternal blood is associated with fetal gender and 
serum levels of a subset of cytokines. 

We find that the demonstration of a higher number of isolated 
fetal cells in 30 ml maternal blood of male pregnancies warrants 
further investigation. Fetal gender has been shown to be associated 
with diseases with known immunological pathologies such as pre- 
eclampsia, premature placental abruption and the risk of recurrent 
abortion [23,25,26], suggesting that fetal gender could be of 
importance to immunological responses during pregnancy. These 
associations could be explained by increased amounts of fetal cells 
circulating in maternal blood with a higher chance of developing 
an immunological response. 

References 

1. Mujczinovic F, Alfirevic Z (2007) Procedure-related complications of amnio- 
centesis and chorionic villous sampling" A systematic review. Obstet Gynecol 
110:687-694. 

2. Kleihauer E, Braun H, Betke K (1957) Demonstration of fetal hemoglobin in 
erythrocytes of a blood smear. Klin Wochensehr 35: 637—638. 

3. Lo YM, Corbctta N, Chamberlain PF, Rai V, Sargent IL, ct al. (1997) Presence 
of fetal DNA in maternal plasma and serum. Lancet 350: 485-487. 

4. Ashoor G, Syngclaki A, Poon LC, Rezcndc JC, Nicolaidcs KH (2013) Fetal 
fraction in maternal plasma cell-free DNA at 1 1-13 weeks' gestation: Relation to 
maternal and fetal characteristics. Ultrasound Obstet Gynecol 41: 26-32. 

5. Kolvraa S, Christcnscn B, Lykke-Hansen L, Philip J (2005) The fetal 
erythroblast is not the optimal target for non-invasive prenatal diagnosis: 
Preliminary results. J Histochcm Cytochcm 53: 331—336. 

6. Chan KG, Ding C, Gcrovassili A, Ycung SW, Chiu RW, ct al. (2006) 
Hypermethylated RASSF1A in maternal plasma: A universal fetal DNA marker 
that improves the reliability of noninvasive prenatal diagnosis. Clin Chem 52: 
2211-2218. 

7. Tsaliki E, Papageorgiou EA, Spyrou G, Koumbaris G, Kypri E, et al. (2012) 
MeDIP real-time cjPCR of maternal peripheral blood reliably identifies trisomy 
21. Prcnat Diagn 32: 996-1001. 



We found that a high level of RANTES or IL-2 was significandy 
associated with a lower number of fetal cells. Interestingly, 
increased levels of RANTES in amniotic fluid is associated with 
intrauterine infection in women delivering preterm [27] and an 
increased level of IL-2 is seen in the maternal blood of women with 
pre-eclampsia [28]. Our findings could therefore be explained by 
recent inflammation, which could cause the immune system to 
clear isolated fetal cells at an increased rate. We currendy have no 
theory explaining why a high level of IL-5 is associated with a 
higher number of isolated fetal cells. However, it has been shown 
that a high level of IL-5 in maternal serum is associated with 
preterm delivery [29] . Earlier it has also been suggested that fetal 
mononuclear cells in maternal blood and the degree of HLA 
sharing within the family are associated [30] . This also emphasizes 
the importance of the immune system in the number of fetal cells 
circulating maternal blood. 

Based on the specificity of 96% mentioned earlier, it can be 
calculated that at least five fetal cells successfully FISHed with a 
chromosome 2 1 probe are necessary to perform a reliable prenatal 
diagnosis for trisomy 2 1 on a maternal blood sample. This number 
was unfortunately only achieved in 40% of the participants. It is 
therefore extremely important to increase the number of fetal cells 
recovered. Considering that it has been estimated that there are 1- 
2 fetal cells per ml maternal blood based on X- and Y- 
chromosome FISH on non-enriched cell fractions [22], one way 
to proceed is to increase the yield of fetal cells in the enrichment, 
which we are presendy working on. A first step in this process is to 
elucidate which factors affect the number of fetal cells in maternal 
blood. In the present communication we have demonstrated that 
the number of fetal cells is associated with fetal gender and a 
number of cytokines. These findings might inspire future studies 
into factors that might influence the number of fetal cells in 
maternal blood. 

Supporting Information 

Table SI Raw data on which analysis were performed. 

(DOCX) 

Author Contributions 

Conceived and designed the experiments: JMS NU SK IK. Performed the 
experiments: JMS IK BG NL OBP. Analyzed the data: JMS NU SK IK. 
Contributed reagents/materials/analysis tools: BC NU NL DMH OBP. 
Wrote the paper: JMS NU SK. Critical review of the manuscript: OBP NL 
DMH BC IK. 



8. Hahn S, Lapairc O, Tcrcanli S, Kolla V, Hosli I (201 1) Determination of fetal 
chromosome aberrations from fetal DNA in maternal blood: Has the challenge 
finally been met? Expert Rev Mol Med 13: el 6. 

9. Palomaki GE, Kloza EM, Lambcrt-Mcsscrlian GM, Haddow JE, Neveux LM, 
et al. (201 1) DNA sequencing of maternal plasma to detect down syndrome: An 
international clinical validation study. Genet Med 13: 913—920. 

10. Taylor JB, Chock VY, Hudgins L (2014) NIPT in a clinical setting: An analysis 
of uptake in the first months of clinical availability. J Genet Couns 23: 72-78. 

11. Bianchi DW, Zickwolf GK, Weil GJ, Sylvester S, DeMaria MA (1996) Male fetal 
progenitor cells persist in maternal blood for as long as 27 years postpartum. 
Proc Natl Acad Sci USA 93: 705-708. 

12. Kolvraa S, Christcnscn B, Lykke-Hansen L, Philip J (2005) The fetal 
erythroblast is not the optimal target for non-invasive prenatal diagnosis: 
Preliminary results. J Histochcm Cytochcm 53: 331—336. 

13. Christcnscn B, Kolvraa S, Lykke-Hansen L, Lorch T, Gohel D, et al. (2003) 
Studies on the isolation and identification of fetal nucleated red blood cells in the 
circulation of pregnant women before and after chorion villus sampling. Fetal 
Diagn Ther t8: 376-384. 

14. Bianchi DW, Simpson JL, Jackson LG, Elias S, Holzgreve W, ct al. (2002) Fetal 
gender and aneuploidy detection using fetal cells in maternal blood: Analysis of 



PLOS ONE | www.plosone.org 



6 



September 2014 | Volume 9 | Issue 9 | e1 06934 



The Number of Fetal Cells in Maternal Blood 



NIFTY I data, national institute of child health and development fetal cell 
isolation study. Prenat Diagn 22: 609-615. 

15. Oudejans CB, Tjoa ML, Westcrman BA, Mulders MA, Van Wijk IJ, et al. 
(2003) Circulating trophoblast in maternal blood. Prenat Diagn 23: 111-116. 

16. Krabchi K, Gros-Louis F, Yan J, Bronsard M, Masse J, et al. (2001) 
Quantification of all fetal nucleated cells in maternal blood between the 18th 
and 22nd weeks of pregnancy using molecular cytogenetic techniques. Clin 
Genet 60: 145-150. 

17. Guetta E, Gordon D, Simchcn MJ, Goldman B, Barkai G (2003) Hematopoietic 
progenitor cells as targets for non-invasive prenatal diagnosis: Detection of fetal 
CD34+ cells and assessment of post-delivery persistence in the maternal 
circulation. Blood Cells Mol Dis 30: 13-21. 

18. Brinch M, Hatt L, Singh R, Moller K, Sommer S, et al. (2012) Identification of 
circulating fetal cell markers by microarray analysis. Prenat Diagn 32: 742—751. 

19. Hatt L, Brinch M, Singh R, Moller K, Lauridsen RH, et al. (2014) 
Characterization of fetal cells from the maternal circulation by microarray 
gene expression analysis - could the extravillous trophoblasts be a target for 
future cell-based non-invasive prenatal diagnosis? Petal Diagn Thcr 35: 218-27. 

20. Hatt L, Brinch M, Singh R, Moller K, Lauridsen RH, et al. (2014) A new 
marker set that identifies fetal cells in maternal circulation with high specificity. 
Prenat Diagn DOI: 10.1002/pd.4429. 

2 1 . Gammill HS, Guthrie KA, Aydclotte TM, Waldorf KM, Nelson JL (20 1 0) Effect 
of parity on fetal and maternal microchimerism: Interaction of grafts within a 
host? Blood 116: 2706-2712. 

22. Hamada H, Arinami T, Kubo T, Hamaguchi H, Iwasaki H (1993) Petal 
nucleated cells in maternal peripheral blood: Frequency and relationship to 
gestational age. Hum Genet 91: 427-432. 



23. Nielsen HS, Witvliet MD, Stcffensen R, Haasnoot GW, Goulmy E, et al. (2010) 
The presence of HLA-antibodics in recurrent miscarriage patients is associated 
with a reduced chance of a live birth. J Reprod Immunol 87: 67-73. 

24. Skogstrand K, Thorsen P, Norgaard-Pedersen B, Schcndel DE, Sorensen LC, et 
al. (2005) Simultaneous measurement of 25 inflammatory markers and 
neurotrophins in neonatal dried blood spots by immunoassay with xMAP 
technology. Clin Chem 51: 1854-1866. 

25. Tikkanen M, Metsaranta M, Gissler M, Luukkaala T, Hiilcsmaa V, et al. (2010) 
Male fetal sex is associated with earlier onset of placental abruption. Acta Obstct 
Gynecol Scand 89: 916-923. 

26. Elsmen E, Kallen K, Marsal K, Hellstrom-Westas L (2006) Fetal gender and 
gestational- age -related incidence of pre-eclampsia. Acta Obstet Gynecol Scand 
85: 1285-1291. 

27. Athayde N, Romero R, Maymon E, Gomez R, Pacora P, et al. (1999) A role for 
the novel cytokine RANTES in pregnancy and parturition. Am J Obstet 
Gynecol 181: 989-994. 

28. Sharma D, Singh A, Trivedi SS, Bhattacharjee J (2010) Role of endothelin and 
inflammatory cytokines in pre-eclampsia - A pilot north indian study. 
Am J Reprod Immunol. 

29. Vogcl I, Goepfert AR, Thorsen P, Skogstrand K, Hougaard DM, et al. (2007) 
Early second-trimester inflammatory markers and short cervical length and the 
risk of recurrent preterm birth. J Reprod Immunol 75: 133—140. 

30. Adams Waldorf KM, Gammill HS, Lucas J, Aydelotte TM, Leisenring WM, et 
al. (2010) Dynamic changes in fetal microchimerism in maternal peripheral 
blood mononuclear cells, CD4+ and CD8+ cells in normal pregnancy. Placenta 
31: 589-594. 



PLOS ONE | www.plosone.org 



7 



September 2014 | Volume 9 | Issue 9 | e106934 



